We describe an experiment performed in the ATHENA apparatus in which there is evidence that the antiproton-proton bound state, protonium, has been produced at very low energies in vacuum following the interaction of cold antiprotons with a trapped cloud of molecular hydrogen ions. The latter were confined in a centrifugally separated belt outside a positron plasma used for antihydrogen formation. Studies have been performed at low positron plasma temperatures in which the protonium annihilation signal has been identified along with that from antihydrogen, and we discuss how their contributions can be disentangled. With the positron plasma heated to around 10,000 K the ions become distributed in the positrons, and the majority of the annihilation signal can be explained in terms of protonium formation, as antihydrogen creation is heavily suppressed. In this case we compare the observed protonium formation rate with expectations from theory and find reasonable accord, when experimental systematics are taken into account. The effect on the annihilation signals of the passage of an electron current through a pre-loaded positron plasma has been studied in detail, and the results are presented here for the first time.
Introduction and Motivation
Spectroscopic studies of few-body bound states have produced some of the most precise determinations of physical quantities. Such measurements provide powerful tests of our understanding of the laws of physics, often via stringent comparisons with theory. The most well-known frequencies 5 are those for the 1S-2S two-photon Doppler-free transition [1] and the socalled maser transition for the ground state hyperfine splitting [2] , in atomic hydrogen. The former is known to an accuracy of just above 4 parts in 10 15 , or to an absolute precision of 10 Hz in 2,466 THz. Unfortunately, in this case, this impressive achievement cannot be matched by theory due to 10 uncertainties in the properties of the proton: see e.g., [3, 4] .
The attractiveness of laser spectroscopy of hydrogen derives from the metastable nature of the 2S level, which guarantees a natural linewidth of around 1 Hz. Despite the lack of theoretical comparative input, there is much current interest in this area due to the production [5, 6] , and the recent 15 demonstration of trapping [7, 8, 9, 10] , of low energy antihydrogen, since comparisons of the transitions in hydrogen and antihydrogen may offer tests of CPT symmetry. Experimental studies to realise high precision microwave spectroscopy of the hyperfine transitions of ground state antihydrogen are in progress, both with magnetically trapped antihydrogen [7, 8] , in which the 20 first resonant quantum transition in the anti-atom has recently been observed [11] , and with a spin-polarised beam [12] .
Other few body systems which have been studied using laser spectroscopy are positronium (e + e − ) (see e.g., [13, 14] for the most recent work), muonium (µ + e − ) [15, 16, 17] and antiprotonic helium (pHe + ) (see [18, 19, 20] for recent 25 reviews and progress). These systems provide complementary information to the hydrogen work, for instance in the form of mass ratios and can, when combined with other measurements (such as precision charge-to-mass determinations from Penning trap experiments) yield further information, for instance on CPT. This information is useful, despite the fact that, ultimately, 30 the precision with which spectroscopic lines may be resolved is limited by bandwidth arising either from annihilation or decay. Protonium (pp), sometimes known as antiprotonic hydrogen, is the quasistable antiproton(p)-proton bound system. Recall, from the Bohr formula, that the binding energies are proportional to the reduced mass of the system. 35 Thus, over the years, this entity was studied following the stopping of antiprotons in dense gaseous targets (typically hydrogen) using X-ray spectroscopy of the inner shell cascades (see e.g., [21, 22] ). Note that the excited states formed during the cascades were rapidly quenched due to Stark collisions [23, 24] . 40 More recently a radically different method of protonium production has been described [25] which involved interactions of trapped, cold antiprotons with molecular hydrogen ions (H 
This was achieved using the nested Penning trap deployed by ATHENA for the first production of low energy antihydrogen [5] . A crucial feature was 45 the serendipitous trapping of around 10 4 -10 5 H + 2 ions along with the positron cloud used for antihydrogen formation.
The ATHENA study found that the protonium atoms were created almost at rest, and in such a way that could easily be scaled up, with more trapped antiprotons and hydrogen ions, to facilitate further investigation of 50 the properties of protonium. In particular, it was deduced (as will be summarised in section 3.2) that the protonium was liberated in an excited state, estimated to be with a principal quantum number around n = 68. This can allow access to energy levels and transitions using laser spectroscopy. Thus, we may look forward to new, high precision, studies of protonium similar to 55 those for pHe + , [18, 19, 20] which in some cases have now reached resolutions in the region of a few parts in 10
9 . Further studies of protonium are likely to be of benefit for two major reasons; as tests of CPT in the baryon sector and as stringent tests of two-body bound state physics. For instance, it is likely that improvements can be made in comparisons of the charges and masses of the proton and the antiproton, which currently stand at precisions of around parts in 10 9 [20, 26] . In this communication we elaborate on the findings discussed in [25] . Data are presented on observations in which removal of the H + 2 ions eliminates the protonium signal, and we also provide a detailed examination of the radial 65 and axial distributions of the protonium annihilations.
Experimental Details
The experiments took place at CERN's Antiproton Decelerator (AD), which is a unique facility providing 200 ns long pulses comprised of around 2 x 10 7 antiprotons, with a kinetic energy close to 5.3 MeV, every 90 s or 70 so. The antiprotons were delivered to the ATHENA apparatus (an overview of which is given in figure 1 ) which contained a multi-electrode cylindrical Penning trap, 2.5 cm in diameter and ∼ 90 cm in length immersed in an axial magnetic field of 3 T. The electrodes of the trap were held in thermal contact with a cryogenic bath such that they were typically cooled to a temperature 75 of around 15 K. A schematic of the central portion of the trap which was used for the ATHENA experiments is shown in figure 2 . A small fraction (typically one per mille) of the antiprotons were dynamically captured in the trap, following energy degradation in a thin foil. Only those antiprotons with kinetic energies below about 5 keV could be caught 80 using a pulsed gate on a Penning-type trap [28, 29, 30] . Once held in the trap the antiprotons passed to-and-fro through a pre-loaded cloud of about 10 8 electrons, which had cooled towards the trap ambient temperature via the emission of synchrotron radiation. The antiprotons coupled efficiently to the electrons via the Coulomb interaction and were sympathetically cooled to 85 the electron temperature within a few seconds. Further details can be found elsewhere [27] . We note here that ATHENA experimented with more than one method of transferring electrons into the nested well arrangement. In one scenario the electron trap was filled by passing them through the positron cloud, which had been pre-loaded. The effect of this so-called electrons-90 through-positrons (ETP) procedure, which has not hitherto been described, will be one of the results presented here.
Positrons for use in the ATHENA experiments were accumulated in a separate apparatus, shown schematically on the right of figure 1, which used buffer gas cooling to enable trapping and storing of the antiparticles in a 95 Figure 1 : Overview of the ATHENA apparatus showing the positron accumulator, the antiproton trap and the mixing region used to create antihydrogen and protonium. A detector capable of registering both p and e + annihilations was located around the mixing region and is shown in sketch below the main apparatus [27] .
Penning-Malmberg trap. The positrons were derived from a 22 Na source, and around 0.5% of these were released into vacuum with a few eV of kinetic energy following moderation using a thin solid neon film. The physics of positron moderation is well understood (see e.g., [31] ) and the use of solid neon as an efficient means of producing a low energy beam is long established 100 [32, 33, 34] . A 3-stage buffer gas positron accumulator, as pioneered by the UCSD group of Surko and co-workers [35, 36] , was employed [27, 37] to collect about 200 million positrons in a 2-3 minute period. These were then transferred to the main ATHENA magnet, as described elsewhere [38] , where typically 75 million were available for further experimentation by ATHENA.
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Once inside the 3 T magnetic field, the positrons, like the electrons used for p cooling, rapidly reached a temperature close to that of the ambient, which was around 15 K.
Non-destructive diagnostics were developed by ATHENA using plasma oscillation modes to deduce the total number of particles in the plasma, and its radius and aspect ratio [39, 40] . The plasma was presumed, following [41, 42] , to form a spheroid (though this was not tested directly). Many antihydrogen experiments were performed by mixing clouds of antiprotons and positrons under ambient trap conditions; so-called cold mixing (CM). Furthermore, the temperature increase of the positrons could be monitored
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following the application of a radio frequency excitation signal to one of the trap electrodes in the vicinity of the plasma. Using this heating the temperature of the positron plasma could be increased as required and it was found that a convenient background signal for antihydrogen formation could be found by heating the positron plasma to several thousand K [43] . K. These ions were not introduced deliberately, but probably arose during transfer of the positrons into the main magnet. This procedure [38] involved slowly squeezing the positrons into the mixing region over time periods of the order of 25 s, allowing them the opportunity to collide with H 2 molecules which formed part of the residual gas in the vacuum chamber. The kinetic 130 energy of the positrons during transfer was typically 25 eV such that the production of H + 2 ions via positronium formation and direct ionization would both have been feasible [44, 45, 46] . Ions may also have been produced during p loading, as has previously been deduced by the ATRAP collaboration [47] . We note that the number of H + 2 ions should be independent of the 135 temperature of the positron plasma, and is thus expected to be similar for the CM and HM cases. This is because the positron loading technique was identical for both cases and clearly occurred before the positron temperature was raised for the HM experiments.
The ATHENA mixing trap was surrounded by a position sensitive detec-140 tor which could allow antihydrogen annihilation on the electrode walls of the trap to be monitored. The detector, which is shown schematically in figures 1 and 2, has been described in detail elsewhere [27, 48] . It consisted of two cylindrical layers of 16 double-sided silicon strip detectors surrounded by 192 (16x12) CsI scintillators. The latter were used to detect the back-to-back 511 keV gamma rays emitted in positron annihilation, whilst the silicon detectors were used to reconstruct the antiproton annihilation vertices by registering the passage of charged pions emitted in such events. Space constraints in the apparatus meant that only two layers of silicon counter could be used, such that the ATHENA detector was unable to reconstruct the curved trajectories 150 of the charged pions in the 3 T magnetic field. This was the main cause of the uncertainties (standard deviations) in the vertex determination of σ z = 1.8 mm and σ x,y = 3.5 mm.
Full antihydrogen events consisted of both types of annihilation recorded in spatial and temporal coincidence [5, 27] . These events were typically plot-155 ted as a function of the cosine of the angle between the pair of gamma-ray events (i.e cos(θ γγ )) as seen from the location of the p annihilation vertex, the so-called opening angle plots. A fully reconstructed antihydrogen annihilation event would contribute to such a plot at, or near, cos(θ γγ ) = −1, and examples of data with a feature at this angle are discussed below. How-160 ever, it was also found [43] that antihydrogen signals could be isolated by monitoring the p annihilation vertices alone during the relevant mixing period. Analysis of the spatial distribution of these vertices will be discussed below. Though the ATHENA CM vertex data were predominantly due to antihydrogen annihilations, there was also a clear component resulting from 165 protonium formation and annihilation. The latter, which is the subject of this communication, was present for both CM and HM experiments.
Data, Analysis and Discussion

Data and analysis
In order to set the scene for the analysis of the data, we present in figure 3 170 the opening angle plots for data taken in ETP, HM and CM conditions. The vivid differences between these plots in the region of cos(θ γγ ) = −1 highlights the essentials of the analysis to be presented below. The peak characteristic of antihydrogen annihilation is evident in the CM and ETP samples. We find that in the latter, as will be argued below, we can attribute all of the 175 annihilation events to antihydrogen. The peak is absent in the HM case, indicating a dearth of antihydrogen formation. The origin of the annihilation signals in this case is one of the topics discussed herein, and is predominantly a result of protonium formation and its annihilation in flight.
The following analysis presents data for the conditions for which the ma-jority of the ATHENA data were taken, namely the standard CM case where the positron density, n e , was in the range 5-8 × 10 8 cm −3 and the HM case at a similar density, but with the positron temperature, T e , raised to ∼ 10 4 K. The p annihilation vertices could be sorted according to their radial (r, 185 the distance from the trap axis) and axial (or longitudinal, z) positions and, if appropriate, the time they occurred after the start of the p−e + mixing to aid, for instance, in the separation of protonium annihilations from those due to antihydrogen. The use of such data cuts will be discussed as necessary below. Note, as mentioned in section 2, the vertex distributions are broadened by 190 detector resolution.
For reasons connected to the efficient production of antihydrogen in ATHENA, several different mechanisms were used to load electrons into the main ATHENA magnet. (Recall that, as described in section 2, the electrons were used to cool the antiprotons towards the ambient temperature of the trap using a well-established technique [29, 30] .) In particular, data were obtained under CM conditions when the electrons were loaded, before positron-antiproton mixing, by passing them through the positron plasma (ETP). This mode of loading caused the positron plasma to expand such that the density was reduced to values between 0.5-1.6 × 10 8 cm −3 . Figure 4 are similar, and the peaked distribution centred around z = 0 for r < 0.5 cm, which is characteristic of protonium annihilation in flight (see [25] and figure 6(c)), is absent. Thus, these data seem to be an example of a pure antihydrogen signal and will be used as a reference for comparison with the distributions when protonium is also present.
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It is important to note here that the radial ETP vertex distribution is identical to that arising from antiproton-only annihilation on the walls of the Penning trap. The latter was obtained in dedicated experiments without the presence of positrons and, therefore, also in the absence of H + 2 ions. In addition, these distributions are in accord with a full Monte Carlo simulation 220 of antiproton annihilation on the trap walls (see figures 5(a) and (d)). These simulations, which are intended to mimic the p vertices resulting from antihydrogen annihilation on the wall of the trap, have been used to extract the fraction of on-wall annihilations from data also containing protonium annihilations (see table 1 and figure 5 ). The simulated antihydrogen events were 225 generated by means of the ATHENA Monte Carlo program and processed by the same reconstruction program used to determine the annihilation vertices of the real data [27] . In the Monte Carlo program, which is based upon the CERN GEANT package, a full description of the geometry of the ATHENA apparatus, including the efficiency of the detectors, is implemented. A phase z-coordinate (cm) space event generator for the p-p or e + -e − annihilations has been specifically written in order to simulate the antihydrogen annihilation events. Actually, when antihydrogen strikes the wall of the Penning trap, the annihilation of the antiproton occurs on a nucleus. In this case the use of the branching ratios arising solely from p-p annihilations [50] instead of these parameters for 235 the antiproton-nucleus system, and which are poorly known, can introduce a bias, in particular via an overestimation of the number of neutral pions produced in the simulation [27] . However, for the present purposes this effect is negligible, as we have only used the Monte Carlo program to determine the radial distribution of the reconstructed vertices from antihydrogen annihila-There are other noteworthy features of the ETP data. It is evident from the scatter plot and the axial distributions referred to above that clusters of events are found at various axial positions (e.g. the bands of events centred at z = + 4 cm; see also figures 6(d) and(f)). Such "hot spots" have been antihydrogen formed via the three-body process (see e.g., [53] for a discussion of the physics of antihydrogen formation). Such ionization may occur near the electrode gaps where the electric field is highest, and is a likely cause of these features in ATHENA. We note that they cannot be caused by the annihilation on the wall of pp following field ionization as this entity is bound 255 by several eV and cannot be broken up by any of the fields present in the experiment.
During its many CM antihydrogen experiments, the positron density, n e , used by ATHENA changed due to different operating conditions of the positron accumulator and to variations in positron loading and manipulation.
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However, our discussion of CM concentrates, as mentioned above, on the density range 5-8 × 10 8 cm −3 that received the most attention and for which the largest data sets exist.
Before embarking on this, however, it is worthwhile to recall the state of thermal equilibrium of a plasma which contains species of the same sign 265 of charge, but different masses. We note that the radial self electric field, E = n e er/2ǫ 0 , of a long, spheroidal plasma (such as those used in this study) when combined with the axial magnetic field B, leads to a tangential velocity of the plasma, which at its surface (at r p ) is given by v tang = n e er p /2ǫ 0 B. Thus, the positron plasma will experience E × B rotation around the mag-270 netic field lines with a constant angular frequency of n e e/2ǫ 0 B. Any ions present in the plasma will, in equilibrium, co-rotate with this frequency, and as a result will centrifugally separate from the positrons [54, 55] recently, centrifugally separated electron-antiproton systems have been observed [59, 60] . In the ALPHA experiment [59] aspects of the dynamics of the separation were studied for the first time. The ions will also migrate towards the minimum in the potential, which is located at the centre of the positron cloud. Thus, the ions, when cold (see below), will form an equatorial belt 280 around the centre of the positron plasma. Both antiproton experiments [59, 60] point out that the condition for which separation occurs, irrespective of the sign of the charge of the plasma and ions, is when v tang = v th , with the latter the thermal speed. Using v th = (2k B T e /m) 1/2 it can be shown that the value of T e at which centrifugal 285 separation should be possible, denoted by T sep , is given by,
Inserting values for the H T sep ∼ 10(n e r p ) 2 , with n e in units of 10 8 cm −3 and r p in mm. Thus, the values of T sep for both the CM and HM cases (n e ∼ 5-8×10 8 cm −3 and r p ∼ 1 mm) is around 250-640 K, or approximately 22-56 meV. Thus, although no absolute 290 T e diagnostic was available to ATHENA, T sep ≫ 15 K, the temperature of the trap electrodes, and the localization of the protonium events in the CM case [25] indicates that the positron temperature is much lower than T sep . On the contrary, for HM T e ≫ T sep .
Recent simulation work [61] has shown that the antiproton-positron dy-295 namics in dense (∼ 10 9 cm −3 ) positron clouds is very complex and is dominated by repeated cycles of antihydrogen formation and break-up. This has the effect of driving the antiprotons radially outwards such that they tend to form antihydrogen close to the edge of the plasma. The result is a lowering of the antihydrogen binding energy, such that it is more likely to be field ionized those fields very close to the electrode walls), resulting in the development of an antiproton population just outside the positron plasma. A similar observation relating to the antihydrogen-mediated radial transport of antiprotons was recently made by the ALPHA antihydrogen trapping experiment in a 305 study of the dynamics of antihydrogen formation in their octupolar neutral atom trap [62] . Since, under CM conditions, the H + 2 ions occupy an equatorial belt outside the positrons, the aforementioned antihydrogen formation and break-up cycles may act in such a way as to promote the production of protonium.
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We have also examined the behaviour of the radial yields from figure  5 , broken down, as in the figure into the two axial regions |z| < 0.5 cm and 0.5 < |z| < 1.5 cm, with the addition of a third region at larger |z| (2.5 < |z| < 3.5) cm. (The latter is outside the positrons in the so-called side wells of the Penning trap used to confine the plasma.) To do this we have 315 used the results of the Monte Carlo simulations shown in the figure which, as described above, correspond only to annihilation events on the electrode walls. The parameter F c , which is the fraction of the reconstructed vertices which cannot be attributed to wall annihilations was derived as the difference in the counts between the experimental distribution and the fitted Monte table 1 where we note that the lower the value of F c , the higher the antihydrogen yield.
The ETP sample has the lowest F c and is thought to be entirely due to antihydrogen formation and annihilation. The small (∼ 5%) fraction of 325 events which cannot be directly attributed to wall annihilations may, however, be the result of a deficiency of the Monte Carlo programme to simulate the poorly reconstructed vertices, or the result of annihilations on the neutral residual gas inside the trap (see below). There is no dependence of F c on z, as expected for antihydrogen events. By contrast, the HM sample 330 contains ∼ 70% non-wall annihilation events, which is consistent with protonium formation and annihilation, since this sample should have a very low antihydrogen yield. Again F c does not depend upon z, indicating that the source of the annihilation is uniformly distributed in the axial direction, at least in the vicinity of the positron plasma.
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Intermediate between these two is the CM sample which for |z| < 0.5 cm has ∼ 24% of its events which cannot be attributed to wall annihilations and these are clearly visible in the low-r bulge in figure 5(c) . In this case, however, F c falls to ∼ 8% and lower at larger values of |z| (see figure 5(f)) Table 1 : The fraction of the events (in %), F c , that cannot be attributed to wall annihilations for the ETP, CM and HM (T e ∼ 10, 000 K) samples broken down into the three axial regions, |z| < 0.5 cm, 0.5 < |z| < 1.5 cm and the Penning trap side wells with 2.5 < |z| < 3.5 cm, denoted as R 1 , R 2 and R 3 , respectively Experimental Case
indicating that antihydrogen is more prevalent in this sample of events. This 340 is caused by the aforementioned localization of the ion cloud around the positron plasma. Protonium formation (and annihilation) is localized in this case, mainly to the region for which |z| < 0.5 cm.
It is also important to note that we have no evidence that protonium has been formed via collisions with neutral H 2 molecules (for instance via the
At the ambient temperature of the trap electrodes (∼ 15 K) the background pressure will be very low (typically less than 10 −12 mbar) as evidenced by the very low residual annihilation rates of trapped antiprotons and positrons. Were protonium to be formed in p-H 2 collisions, signal would also appear close to 350 r = 0 at larger values of |z| (in the so-called lateral wells of the nested charged particle traps) and very few events are present here, as seen in figures 4(c) and 6(c) and from table 1, where the relevant value of F c for the HM case is consistent with zero. Such events could be due to antiprotons bouncing back-and-forth in these wells, or perhaps trapped there, and axially separated 355 from the positron plasma, as a result of collisions (see e.g., [63] ). That the number of such events is negligible, together with the localised nature of the protonium signal, suggests that we have only observed protonium formed in interactions with H + 2 ions in this experiment.
Cross sections and energetics
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In [25] it was argued that the cross sections for production of protonium via reaction 1 calculated by Sakimoto [64] could explain the observed yields. Typically, ATHENA observed around 100 protonium annihilations, for both CM and HM cases, for every 60 s p injection cycle. With a vertex recovery efficiency of around 50%, this amounts to a time-averaged rate of a few per 365 second. This corresponds to a yield of about 2 × 10 −4 s −1 per p into mixing, though as we note below, not all of the injected antiprotons overlapped with the e + plasma in all of the experimental conditions we have investigated. It is not, however, straightforward to make detailed estimates of the expected yields. In the two cases, CM and HM, in which the protonium signals 370 can be extracted with confidence from antihydrogen annihilations, the spatial distribution of the H + 2 ions is quite different. This phenomenon is caused by the difference in the thermal equilibrium state of the positron plasma with an admixture of ions. At low positron temperatures, the size of the centrifugal barrier (here 250-640 K) [54, 55, 58] caused by the global E × B 375 rotation of the plasma (and ions) results in the latter becoming separated from the positrons and forming, as discussed above, a narrow band near the equator of the plasma. Under HM conditions the thermal energy is sufficient to overcome this barrier, such that the ions will be distributed uniformly throughout the plasma.
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Here we will only treat the HM case, since the increase in the positron temperature can be used to provide an estimate of the collision energy, and the number of ions per unit volume of the positron plasma can be calculated. The plasma parameters, z p and r p were deduced using non-destructive methods [39, 40] , assuming the plasma forms a spheroid of volume 4πr librium, to a kinetic energy of around 1 eV. We will use this as a rough estimate of the kinetic energy of the collision. Although Sakimoto's calculations [64] do not extend to below 2 eV, he has shown that the cross section for reaction (1) , σ pp , is proportional to the impact kinetic energy as E −1 at low energies (below about 5 eV). (Note that Sakimoto's results are in ex-395 cellent accord with the later theoretical work of Cohen [65] .) Thus, with σ pp E ∼ 8 × 10 −19 m 2 eV, a collision rate, per p, can be found to be around 1.7 × 10 −3 s −1 using a velocity of 1.4 × 10 4 ms −1 . With around 10 4 p also present in the trap, this gives a yield of about 17 s −1 , and in excess of the observed value. However, due to the nature of the mixing in the nested trap, 400 the antiprotons are not inside the positron plasma throughout the entire mixing time. Indeed, some antiprotons at large radii may not overlap the plasma at all, such that the realistic interaction rate will be lower than the simple estimate given above. If it is assumed that the entire depression of the yield is caused by the radial geometrical mismatch of the positron and antiproton clouds then, for circular cloud profiles, the antiprotons need only be around three times the size of the positrons (i.e. about 3 mm in radius) to explain the difference between the observation and the estimate from theory. Furthermore, the antiproton thermalisation following injection into a 10,000 K positron plasma is lengthened over that for the CM case, and may occupy 410 a significant fraction of the mixing cycle. (The cooling time constant is proportional to T 3/2 e which results in a factor of at least 10 3 between the CM and HM cases, with the period being of the order of 10 s in the latter case.) Thus, epithermal interactions may be important, and would further reduce the protonium yield.
415
It should also be noted that Sakimoto [64] gave some values for σ pp for excited vibrational and rotational states, down to about 3 eV. It is likely that there would be a distribution of excited states in the 10,000 K plasma. Making a reasonable extrapolation of Sakimoto's work to lower energies, it is likely that the cross section will be about a factor of 2-3 larger than that 420 used in the estimate above.
Assuming that the recoil energy of the protonium is zero (see the discussion in [25] ), then the transfer of the proton is most likely to occur into a state at which the binding energy in the protonium is equal to the binding energy of the H + 2 ion with respect to dissociation into (H + p). The latter is 425 around 2.6 eV, which leads to an estimate of the principal quantum number of the protonium, n, as n = (13.6 × 919/2.6) 1/2 ∼ 68. As pointed out in [25] , this is not in accord with the calculation of Sakimoto [64] who finds production peaked around n = 34, in the presence of substantial protonium recoil. Cohen [65] has a similar finding. Thus, further theoretical work in 430 this area is motivated.
Effects of electron loading
As described in section 2, one of ATHENA's methods of loading its cooling electrons involved passing an e-current through the positron plasma. Subsequently it was found that positron-antiproton mixing with this method Any process which results in the removal of H + 2 ions by the electrons, even if, for instance, the result is a trapped proton, will lead to the removal of the protonium signal. Clearly, a p-p reaction, in the absence of a third body cannot result in protonium formation. Several electron collision processes can destroy H of only a few mm, it can easily be seen that only around 10-100 ions would be removed by this flux. Thus, it is unlikely that electron collisions could completely remove the ions.
However, as mentioned above, it was noted that following the transmission of the electrons through the positron plasma, the density was reduced 470 by a factor of 5-10, and this occurred mostly as a result of radial expansion. Following the work of Greaves and co-workers [75, 76] this will have been accompanied by an increase in the plasma temperature, though, in the 3 T magnetic field, this excess would have radiated away within 1 second. The timescale of the expansion is likely to have been of the order of the inverse 475 of the plasma frequency, 1/ν p = 2π( mǫ 0 /n e e 2 ) ∼ 5 ns [75, 76] for typical ATHENA conditions, which is much shorter than the electron pulse duration. Using the recent experience of the ALPHA antihydrogen collaboration on sympathetic compression of antiproton clouds [77] using the rotating electric field technique (see e.g., [78, 79, 80] ) to compress electron clouds would 480 suggest that the H + 2 ions would not have time to react to the expansion of the positrons. (ALPHA found that if they compressed their electron plasmas too quickly, in times of order 1 second, the antiproton cloud remained at its original size.) Thus, the H + 2 ions will find themselves immersed in a less dense plasma whose rotation frequency, which is directly proportional to n e , 485 was suddenly lower than that of the ions. This would cause a negative torque and force the ions to expand in a manner similar to that found when rotating fields are applied to plasmas at lower frequencies than that of their natural rotation [81, 82, 83] . Thus, the ions may be lost from the trap, or moved out sufficiently far from the axis that they no longer interact with the an-490 tiproton cloud. This last possibility is in agreement with the observations of Andresen et al. [59] , that have shown that the ion cloud is centrifugally separated from the positron one; when the positrons expand due to the electron interaction, the separation length should increase about of a factor ten. The ions are thus spread over a larger volume of space and will have lower density 495 near the plasma edge, where antiprotons tend to accumulate, reducing the protonium yield.
Conclusions
An experiment to form protonium via p-H + 2 interactions in vacuum has been described. We find formation rates of around 2×10 −4 s −1 per trapped p, 500 in reasonable accord with the estimates made using cross section calculations of Sakimoto and Cohen. The protonium is formed at very low energies, and in states with annihilation lifetimes in the region of 1 µs. The experiment was performed with only 10 4 -10 5 trapped ions, which were serendipitously introduced during positron transfer procedures for ATHENA's antihydrogen 505 experiments. Dedicated studies, with purposely loaded ion clouds, could provide protonium yields several orders of magnitude higher than that recorded here, providing samples of a unique bound state system for further study.
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